Résumé. 2014 On a reformulé le concept de Abstract. 2014 The concept of contrast variation due to nuclear polarization has been reformulated with the emphasis on small angle neutron scattering (SANS) of polymers in solution. SANS has been performed on solid solutions of polystyrene in deuterated toluene. The hydrogen nuclei have been polarized dynamically by the solid effect. Using an unpolarized neutron beam, a nuclear polarization of 50 % enhanced the intensity of the small angle scattering by a factor of 2 with respect to a non-polarized sample.
Introduction
Thermal neutron scattering has become an important tool in many parts of condensed matter research, whether it be physics of the solid and liquid state, chemistry or biology. Of the many interesting properties of thermal neutrons, spin-dependent scattering gives a particular handle to obtain results not accessible by other methods. The spin-dependence is of course most useful in those cases where some average over nuclear spin variables is non-zero. The simplest example is nuclear Zeeman order, commonly called nuclear polarization, where the nuclear magnetic moments are preferentially aligned along the direction of an applied field. But in the absence of an (effective) external field, the nuclear moments may also order spontaneously, driven by their dipolar interaction. A review of neutron scattering and nuclear magnetism can be found in references [1, 2] . A general treatment, including electronic magnetism, has already been given in reference [3] .
Of all common nuclei, the proton has by far the largest spin-dependent scattering. This is the main reason why protons have been used in the pioneering experiments on Bragg scattering with Zeeman order [4] and with long range dipolar order (nuclear antiferromagnetism) [5] .
It is a happy coincidence that protons can be (and have been) polarized to a high degree in many substances. This is partly due to the intrinsic properties of the proton (large magnetic moment, spin 1/2) but also to the vast amount of effort spent by high energy physics laboratories around the world to produce hydrogen-rich and highly polarized proton targets [6] .
Since -another happy coincidence -hydrogen is everpresent in organic chemistry and thus in biology, macromolecular structure research seems to be a choice domain to apply polarized proton techniques, and since -last coincidence -the high proton polarizations have been achieved in organic solvents, it seemed most promising to study macromolecules in solution and to use the proton polarization as a powerful means for contrast variation in low resolution (small angle) scattering. An ambitious project along these lines is under way in Geesthacht and the first results have been obtained on biological macromolecules [7] .
Another interesting domain where contrast variation can be helpful is polymer conformation, both in solution or in the melt. To The incoherent contribution can be separated from the sum of equation (1) in the usual way [1] . For Expérimental requirements.
Although the advantage of nuclear polarization for contrast variation is important, as shown in the last section, there is a price to pay which seemed prohibitive to everyone except the group of Stuhrmann [7] . In order to achieve high polarizations a number of conditions have to be met. [10] . It works the better, the higher the applied magnetic field and the lower the temperature of the sample. Fields in excess of 2 T and temperatures below 0.5 K are generally required. The magnetic field has to be homogeneous to better than -0.5 mT over the sample volume. A symmetric split-coil superconducting magnet is unsuitable for the use with a polarized neutron beam, since the neutrons would depolarize upon crossing the zero-field region.
The low temperature has to be maintained continuously in presence of the polarizing microwave power which dissipates typically 0.2 mW/cm3. The best way to achieve this is a dilution refrigerator. But [11] , alcohols doped with porphyrexide, a stable free radical [12] , and solid ammonia with free radicals created in situ by irradiation [13] . Less successful attempts with combinations of other solvents and other paramagnetic impurities have been published [6] , [14] and it can safely be guessed that many more negative results have remained unpublished.
Finally, the good combination of solvent and paramagnetic impurity, i. e . the one which gives a high polarization and which conserves the conformation of the dissolved macromolecules, should be sufficiently homogeneous on the length scale of interest in order to give a negligible contribution to the small angle scattering.
Apparatus.
In the following, we will describe the basic design of our apparatus, which represents one of the possible ways to fulfill the aforementioned general requirements. It was mainly aimed at providing a survey of the usefulness of dynamic nuclear polarization in the study of conformational statistics of polymers. An additional and by no means trivial boundary condition was the use of existing equipment whenever possible. In fact, the main parts of our set-up have been taken over from the experiment on pseudomagnetism installed at the neutron guide G5 of the ORPHEE reactor [1, 2] the construction of the cryostat is relatively simple due to the complete separation of the waveguide-cavity-sample unit from the dilution part. However, the space remaining for the dilution refrigerator becomes rather small ; -it is possible to introduce a mobile teflon plunger from the top of the dewar into the cavity. As mentioned above such a plunger is necessary to diminish the thermal loss along the waveguide between the still and the heat exchanger. In addition such a plunger allows cavity matching and even modulation of the microwave modes during polarisation.
Concerning the dilution refrigerator, we may just mention here two not quite conventional design details.
We used a heat exchanger between 4.2 K and the still together with a compressor in order to condense the 3He gas at -2 bars [15] . This obviates the need to pump on the 4He bath, extending the time between the transfers to above 24 h. (The 4He consumption is 0.15 llh).
Such a design needs two flow impedances in series, usually placed just above and below the still. Their ratio is quite critical. If the second impedance is too small, the gas fraction created in the first expansion will not recondense at the still temperature. If it is too large, a non negligible amount of gas will be created in the second expansion. In both cases, the proper functioning of the low temperature exchanger is impaired. We choose to place the second impedance inside the upper third of a single, concentric heat exchanger, in order to facilitate construction, to minimize solder joints and to be less dependent on the flow impedance ratio (due to a lower temperature at the second expansion).
With the design flow rate of 300 &#x3E;mole/s, the temperature in the 4He filled cavity reaches typically 280 mK in absence of microwave heating, as measured by a 220 fi Speer carbon resistor soldered to the cavity walls. The background SANS spectrum of our apparatus without dewar and with the dewar and empty cavity in place is shown in figure 3 .
As will be seen from the results given below, our set-up is far from being ideal. Its disadvantages are an unnecessarily high wavelength resolution, resulting in a low beam intensity together with slow data collection.
The former is inherent in neutron beams diffracted from single crystals while the latter could be improved by a position sensitive detector at the expense of either resolution or sample area. It was nevertheless found very convenient to [16] . The paramagnetic center which in general polarizes best is a Cr-complex (EHBA-CrV) [17] . But being ionic it does not dissolve in toluene. Keeping CrV means then changing the solvent. One of the possible choices is dimethyl-formamide (DMFA) which dissolves CrV and which is known as a good solvent for PSH. It is however difficult to obtain glasses from pure DMFA. We tried then mixtures of DMFA and toluene. They form easily glasses and dissolve both PSH and EHBA-CrV. Figure 4 shows the scattering from a frozen mixture (-1.5mm dia. beads) and from a liquid sample of 90 % toluene-d and 10 % DMFA with 0.5 % EHBA-CrV. For comparison, the scattering from beads of pure toluene-d is also shown. The incoherent scattering due to the protons in DMFA has been subtracted. One clearly sees a much larger small angle contribution of the frozen mixture compared to both the liquid sample and to the pure frozen toluene-d. If this large signal is due to concentration fluctuations, the use of deuterated DMFA would decrease its amplitude by a factor 50. We did not test this due to lack of deuterated DMFA. The residual signal in toluene is very small and comparable to our background. It seemed then more promising to look for a paramagnetic impurity soluble in toluene. The highest polarizations reported so far in toluene (60 % at H = 2.5 T and T = 0.5 K) have been obtained with di-tert-butyl-nitroxide (DTBN) [18] . 5. even at the highest polarizations and corrections for nonlinearities are not necessary. However, the thermal equilibrium signal is accordingly small and any parasitic (non polarizable) protons within the range of the NMR coil will tend to increase it noticeably. The nuclear polarization measured in this way is then a lower limit.
Shown in table II are also the root mean square polarizations (p2)1/2 deduced from the neutron scattering intensity Io through equation (11) . They are systematically higher than the NMR values. All errors indicated correspond to the statistical accuracy. They cannot account for the discrepancy. In addition to the possible underestimation of PNMR, mentioned above, an inhomogeneous polarization would systematically lead to (p2)1/2:&#x3E; P. A statistical distribution of polarizations on a macroscopic scale has been found in the only instance when such a measurement was possible [19] .
Conclusion
It has been shown that nuclear (proton) polarization is in principle a powerful way of contrast variation in the study of polymers in solution. It has also been shown that it is experimentally feasible to combine nuclear polarization and small angle scattering even though this needs one of the most sophisticated sample environments encountered in thermal neutron scattering. The resulting problems in reliability, operating cost and sample throughput will limit the use to particular cases where the standard method of contrast variation by isotopic substitution is insufficient. A detailed study of the conformation of block-copolymers is one of the interesting possibilities, as sketched in figure 1 .
For all problems on macromolecules in solution, one has to keep in mind the limitations already mentioned i.e. an easily polarizable solvent without small angle scattering in its frozen state and preservation of the macromolecular conformation upon freezing.
These limitation would not exist with bulk samples of macromolecules e.g. polymer blends where interesting information could be obtained by the present method of contrast variation.
